The syntheses of tetra-tetrazole macrocycles, containing two 1,3-bis(tetrazole)benzene units linked by a variety of n-alkyl (n = 3, 5, 7 or 9 carbon atoms) chain lengths, are described. A tetra-tetrazole macrocycle has also been structurally characterised and contains an unexpected "host-guest" interaction through binding of a chloroform solvent molecule.
Introduction
Macrocyclic and macroacyclic compounds have attracted much attention over the past number of years due to their role in understanding molecular processes that occur, for example, in biochemistry, catalysis and material science. The reviews by Vigato et al. describe the recent publications relating to these compounds. [1] [2] [3] The basis for the design of dinucleating or polynucleating ligands is the ability of ligands to bind different metal ions. Numerous macrocyclic systems exist which contain nitrogen donor atoms, either as a pyridine, imidazole or pyrrole group, or as an amine group. [1] [2] [3] [4] [5] [6] [7] [8] However, it is somewhat surprising the relative paucity of macrocycles containing tetrazole groups, 9 considering that there are many articles and reviews on tetrazoles in the literature, including their use as the carboxylic acid bioisosteres in drug discovery. [10] [11] [12] The development of "click" chemistry methodology, as described by Sharpless and co-workers, 13, 14 has resulted in a recent increase in tetrazole structures, which suggests that molecular recognition studies of tetrazoles will become increasing important. [15] [16] [17] [18] [19] [20] [21] Our interest in tetrazoles concerns their use as precursors for the formation of new functionalised polytetrazole macrocycles, which can find application, for example, as sensors or in molecular recognition. We have previously reported the addition of pendant short-chain alkyl halides and vinyl arms to various bistetrazoles, as well as the synthesis and structural characterisation of tetra-tetrazole macrocycles from 1,2-, 1,3-and 1,4dicyanobenzene derivatives, using short four-carbon, medium six-carbon and long eight-carbon alkyl linkers. [22] [23] [24] [25] This paper focuses on the synthesis and characterisation of bis-tetrazoles, from 1,3-dicyanobenzene, having pendant n-alkyl halide arms (where n = 3, 5, 7 or 9), and their resulting tetra-tetrazole macrocycles (Scheme 1). The X-ray crystal structures of the 1,3-benzene derivatives with 3-and 5-carbon chain linkers are described, as is the first example of a host-guest interaction between a tetra-tetrazole macrocycle and a solvent molecule. Scheme 1. Reaction conditions: i) 1,n-dibromoalkane (n = 3, 5, 7 or 9), triethylamine, methanol, , 24 h; ii) 1, potassium carbonate, dimethylformamide, 75°, 24 h.
Results and Discussion
The reactions of 1,3-bis[tetrazol-5-yl]benzene (1) with triethylamine and 1,n-dibromoalkanes (n = 3, 5, 7 or 9) were carried out in a manner similar to that previously reported. 24 An excess of the dibromoalkane and base was used in order to eliminate any mono-alkyl halide by-products which may have been formed. The symmetric 2-N,2-N'-bistetrazole was the major product in all cases.
The other products in the reactions were not isolated due to the small quantities involved. The 1 H and 13 C NMR spectra of the unpurified reaction materials showed that the symmetric 2-N,2-N'bistetrazole predominated over the asymmetric 1-N,2-N'-bistetrazole in an 85:15 ratio. The mass balance of the reaction was the starting bistetrazole (1) which accounted for approximately 60% in all cases. Two trends were observed for all the 1,3-bistetrazoles with pendant alkyl halide arms, namely an increase in R f value as the chain length increased and a decrease in melting point as the chain length increased (see Figure 1 ). We have noticed this decrease in melting point for the bistetrazole compounds containing even chain length pendant alkyl halide arms (ethyloctyl), although the even cases are slightly higher. 26, 27 Butler and co-workers have described the synthesis of tetra-tetrazole macrocycles, based on either 1,2-or 1,3-bis(tetrazol-5-yl)benzenes, with alkyl chains having either six or eight carbon chain linkers. [28] [29] [30] We have extended this class of compounds by preparing macrocycles with four-carbon chain linkers, and also new macrocycles based on 1,4-bis(tetrazol-5-yl)benzene, 22 by reacting 1,x-[bis(2-(y-bromoalkyl)tetrazol-5-yl]benzene (x = 2, 3 or 4; y = 4, 6 or 8; alkyl = n-butyl, n-hexyl or n-octyl) with 1,n-bis(tetrazol-5-yl)benzene (n = 2, 3 or 4) in dimethylformamide, using K 2 CO 3 as base. The tetra-tetrazole molecule synthesised from 1,3-[bis(2-(6-bromohexyl)tetrazol-5-yl]benzene and 1,3-bis(tetrazol-5-yl)benzene (1) resulted in a macrocycle containing an internal cavity size of 10.8 x 9.4 Å. We have now reacted 1,3-[bis(2-(n-bromoalkyl)tetrazol-5-yl]benzene (n = 3, 5, 7 and 9) and 1,3-bis(tetrazol-5-yl)benzene in a similar manner. The yields for the cyclisation reactions were in the range 18-50%, with the highest yield obtained for the macrocycle containing the short n-propyl chain. As the chain length increased, the resulting yield decreased, as expected, since the entropy of activation is responsible for the difficulty in closing rings larger than six-membered. 31 The cyclisation reaction, in all cases, formed predominantly the symmetric product, where the alkyl chains are joined to the tetrazole moieties at the 2-N position, with very little asymmetry being observed. In the 1 H NMR spectra of all the cyclisation products, the signal for the CH 2 Br at ~3.5 ppm disappeared, and the accompanying loss of the CH 2 Br signal in the 13 C NMR spectra confirmed that cyclisation had occurred. The simplicity of all the spectra indicated in all cases that only a symmetric cyclisation product was obtained, as additional signals would have been expected if any asymmetric product had been formed.
X-Ray Crystal Structures
Crystals of compounds 2 and 3, suitable for an X-Ray diffraction study, were obtained from chloroform solution and the structures confirmed the presence of the pendant bromoalkyl groups at the 2-N, 2-N'-positions for 2 and 3 (Figures 2 and 3) . We have previously published the crystal structure of 1,3-bis[(2-bromoethyl)tetrazol-5-yl]benzene (10), 24 and a second polymorph of that compound has also been published (denoted 10a). 32 In 2 and 3, the tetrazole rings are close to coplanar with the benzene ring to which they are attached, and the bromoalkyl groups project to either side of this plane. This feature of the molecular conformation is similar to 10a, while the bromoalkyl groups project to the same side of the molecular plane in the polymorph 10. In 3, 10 and 10a, the substituted 2-N atoms point in the same direction so that the two N-CH 2 bond vectors form an acute angle (see Figure 3 ). The conformation of 2 is distinct in that one tetrazole ring is flipped over with respect to the molecular plane so that the two N-CH 2 bond vectors form an acute angle (see Figure 2) . In 3 and 10a, the molecules lie on crystallographic 2-fold axes, while in 10 they display approximate (non-crystallographic) mirror symmetry.
The structures of 2 and 3 contain similar 2-D layers (Figures 4 and 5) . The central sections of the molecules approach each other in a side-on manner, forming 1-D motifs along the b direction. Thus, the length of the b axis is closely comparable in the two crystal structures. In both cases, the 1-D motifs are arranged in an anti-parallel manner, with adjacent molecules forming slipped -stacked arrangements. The perpendicular distance between molecular planes is 3.37(1) Å in 2 and 3.21(1) Å in 3, and the centroid-centroid distances for interacting phenylene rings are 4.684 and 6.013 Å in 2, and 5.409 and 6.104 Å in 3. al. 33 The intermolecular Br  Br distance is 3.489(2) Å, which is considerably shorter than twice the bromine van der Waals radius (3.90 Å) and within the range of those values previously reported, 3.415-3.691 Å. 23, [34] [35] [36] In 2, the Br  Br interactions resemble side-on "Type II" interactions, with a shortest distance of 3.771(3) Å. Crystals of 7 were obtained from chloroform solution, and the crystal structure confirms the expected tetra-tetrazole macrocyclic structure, with each tetrazole ring substituted at the 2-N position, as suggested by 13 C NMR spectroscopy. The structure also reveals an unexpected "hostguest" interaction between the macrocycle and a molecule of chloroform solvent ( Figure 6 ). The molecule lies on a crystallographic 2-fold rotation axis, and the CHCl 3 molecule is disordered equally over two orientations about this axis, forming CH   interactions in which the H atom lies 2.50 Å above the mean plane of the phenylene ring. The interaction and encapsulation of the CHCl 3 molecule is facilitated by a bowl-shaped conformation of the tetra-tetrazole macrocycle, which is distinctly different from the essentially flat structure that we have reported for a similar six-carbon linked macrocycle for which no solvent is present. 22 The molecules of 7 are stacked in columns parallel to the b axis (see Figure 7) with  stacking interactions between neighbouring tetrazole and phenylene rings (centroid-centroid distance 3.694 Å. Similar interactions have been observed in other tetrazole structures. [22] [23] [24] [25] 
Conclusions
In this paper, we have reported on the syntheses and characterisation of bromo-alkyl derivatives of 1,3-bis(tetrazole)benzene, where the alkyl chain contains either 3, 5, 7 or 9 carbons atoms.
Interestingly, the predominant compound formed in all these reactions is the symmetric 2-N,2-N'bistetrazole isomer, whereas the same reactions carried out with even n-alkyl chains have previously yielded both symmetric 2-N,2-N'-bistetrazole and asymmetric 1-N,2-N'-bistetrazole derivatives. Four new macrocycles containing four tetrazole rings were synthesised and the X-ray crystal structure of 7 showed a bowl-shaped conformation with an interesting host-guest interaction with an encapsulated solvent chloroform molecule. 
General Syntheses of 1,n-bis(bromoalkyltetrazolyl)benzenes
Compound 1 (1.0 g, 0.47 mmol) was dissolved in methanol (30 ml) and, to the stirred solution, was added triethylamine (3.0 ml, 2.8 mmol). The resulting solution was heated to reflux for 30 min, and to the hot solution was added 1,n-dibromoalkane (1.4 mmol). The reaction mixture was then heated to reflux for a further 24 hours. After cooling, the solvent was removed under reduced pressure to afford an oil which was then purified by column chromatography on silica gel (initially at the ratio of petroleum ether:ethyl acetate 80:20, followed by the ratio 60:40). 
General Syntheses of tetra-tetrazolophanes
A mixture of 1 (240 mg, 1.1 mmol) and potassium carbonate (1.5 g, 11 mmol) in dimethylformamide (60 ml) was stirred for one hour at 75 C under an nitrogen atmosphere, and then treated with the appropriate 1,n-bis(bromoalkyltetrazolyl)benzene [M+1] 565.608, Found 565.273. Di-metabenzenotetra(5', 2'-tetrazolo)[5'-(2)-2'-(7)]-cyclophane (2-N, 2-N', 2-N'', 2-N''') (8) .
